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Introduction Dated at ~3.9 billion years of age, 
carbonate disks [1], found within fractures of the host 
rock of Martian meteorite ALH84001, have been 
interpreted as secondary minerals that formed at low 
temperature [e.g., 2] in an aqueous medium [e.g., 3]. 
Heterogeneously distributed within these disks are 
magnetite nanocrystals that are of Martian origin. 
Approximately one quarter of these magnetites have 
morphological and chemical similarities to magnetite 
particles produced by magnetotactic bacteria strain 
MV-1 [4], which are ubiquitous in aquatic habitats on 
Earth. Moreover, these types of magnetite particles are 
not known or expected to be produced by abiotic 
means either through geological processes or 
synthetically in the laboratory. The remaining three- 
quarters of the ALH84001 magnetites are likely 
products of multiple processes including, but not 
limited to, precipitation from a hydrothermal fluid, 
thermal decomposition of the carbonate matrix in 
which they are embedded, and extracellular formation 
by dissimilatory Fe-reducing bacteria. We have 
proposed that the origins of magnetites in ALH84001 
can be best explained as the products of multiple 
processes, one of which is biological. 

Recently the three-dimensional (3-D) external 
morphology of the purported biogenic fraction of the 
ALH84001 magnetites has been the subject of 
considerable debate [6]. We report here the 3-D 
geometry of biogenic magnetite crystals extracted from 
MV-1 and of those extracted from ALH84001 
carbonate disks using a combination of high resolution 
classical and tomographic transmission electron 
microscopy (TEM). We focus on answering the 
following questions: (1) which technique provides 
adequate information to deduce the 3-D external 
crystal morphology?; and, (2) what is the precise 3-D 
geometry of the ALH84001 and MV-1 magnetites? 
Methods Both classical TEM imaging (procedure 
described in [4]) and electron tomography (procedure 
described in [7]) techniques have advantages and 


disadvantages in the determination of the 3-D 
geometry of nano-crystals. 

Classical TEM imaging yields the explicit 
crystallographic orientation associated with projected 
images yet provides only a few projected images 
typically with a limited tilt range (e.g., ±45 degrees). 
Electron tomography supplies the complete image tilt 
sequences necessary for morphological reconstruction 
(e.g., ±75 degrees) yet provides little crystallographic 
information. Another drawback is that bright field 
electron tomography of magnetite is complicated by 
interference effects associated with strong Bragg 
diffraction which can limit the amount of useful 
information that can be extracted from the tomographic 
reconstruction. Since the desired result is defining only 
the convex hull of a magnetite crystal, limitations in 
bright field imaging can be resolved provided the 
crystal of interest is spatially isolated. 

Results and Conclusions 

MV-1 magnetites'. Twelve randomly selected single- 
domain MV-1 magnetites display a truncated hexa- 
octahedral geometry in both the full 3-D reconstruction 
(Fig.lA-D) and images of summed tomographic slices 
(Fig.lE-H). Variation in the expression of {111}, 
{110} and {100} faces is observed. While irregular 
morphologies have been observed in MV-1 magnetites 
within the pseudo-single domain and 
superparamagnetic size range, single-domain 
magnetites appear to exclusively display a truncated 
hexa-octahedral morphology. 

ALH84001 magnetites: Tomographic analysis results 
include full 3-D reconstruction and images of summed 
tomographic slices. Results will be presented at this 
conference. Most of the ALH84001 magnetites, which 
were selected by classical TEM imaging for 
tomographic analysis, are indeed consistent with 
truncated hexa-octahedral geometry and display well- 
defined {110} and {100} faces. One magnetite that 
was interpreted to have a truncated hexa-octahedral 
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geometry using classical TEM imaging, however, was 
shown by tomography to be a slightly asymmetric 
octahedron instead. This asymmetric magnetite clearly 
demonstrates a valuable lesson; i.e., there is a real 
potential for crystal morphology to be identified 
incorrectly if classical TEM imaging is the sole basis 
for morphological interpretation. 

Summary The use of both classical TEM imaging and 
electron tomography is necessary to unambiguously 
determine the external geometry of nano-magnetite 
crystals. The 3-D geometry of both MV-1 and a 
fraction of the ALH84001 magnetite crystals appear 
identical; both populations are consistent with 


truncated hexa-octahedral geometry with well-defined 
{110} faces. 
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Figure 1. Tomographic reconstruction of a single MV-1 crystal. (A-D) An 
idealized truncated hexa- octahedron, a reconstructed tomographic image, and 
an indexed color reconstruction of the same tomographic image where green 
surfaces correspond to (111) feces, blue correspond to (100) feces, and red 
correspond to { 1 10) feces. Crystal is ~1 00 nm in the longest direction. (E-F) 
Summed serial sections of a single MV-1 crystal when viewed down the 
[101] and [111] zone axes. (G-H) Summed serial sections of a second MV-1 
crystal viewed along the same two zone axes described in E-F. Crystals in E- 
H are — 100 nm in the longest direction. 
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